A set of 25 urease-producing, yellow-pigmented enterococci was isolated from environmental sources. Phenotypic classification divided the isolates into two phena. Both phena were characterized using 16S rRNA gene sequence analysis, DNA base composition, rep-PCR fingerprinting and automated ribotyping. The obtained data distinguished the isolates from all members of the genus Enterococcus with validly published names and placed them in the Enterococcus faecalis species group. DNA-DNA hybridization experiments, pheS and rpoA sequencing and whole-cell protein electrophoresis provided conclusive evidence for the classification of each phenon as a novel species of the genus Enterococcus, for which the names Enterococcus ureilyticus sp. nov. (type strain CCM 4629 T 5LMG 26676 T 5CCUG 48799 T ), inhabiting water and plants, and Enterococcus rotai sp. nov. (type strain CCM 4630 T 5LMG 26678 T 5CCUG 61593 T ), inhabiting water, insects (mosquitoes) and plants, are proposed.
Enterococci are predominantly inhabitants of the intestines of humans and other animals and the female genital tract (Devriese et al., 1992; Facklam et al., 1999; Fisher & Phillips, 2009 ), but they can also be found in water, plants, soil, fermented food products and insects (Facklam et al., 1999; Hugas et al., 2003; Kühn et al., 2003; Müller et al., 2001; Švec & Devriese, 2009) . Several Enterococcus species are used as probiotics or starter cultures for cheeses and sausages (Franz et al., 2003; Foulquié Moreno et al., 2006) . Some species are a frequent cause of a wide variety of infections in humans, including bacteraemia, endocarditis and urinary tract infections, and have become recognized as major nosocomial pathogens (Facklam et al., 1999; Fisher & Phillips, 2009; Jett et al., 1994) , especially when vancomycin-resistant strains are involved (Rice, 2001) . At the time of writing, the genus Enterococcus comprised over 40 species with validly published names (Euzéby, 1997) .
In this study, we determined the phylogenetic relationships of 25 urease-producing enterococci isolated from drinking water, plants and insects. Production of ammonia from urea by bacteria is an important aspect of the nitrogen metabolism in the environment. The novel ureolytic enterococci differed from all currently recognized species of the genus Enterococcus on the basis of phenotypic, genetic and phylogenetic analysis. Therefore, we propose two novel species, Enterococcus ureilyticus sp. nov. and Enterococcus rotai sp. nov. to accommodate these strains. from different ecological habitats and geographical regions (Table 1) , were isolated on Slanetz-Bartley agar (HiMedia) by the membrane-filtration method for water samples or by primo-cultivation of plant or insect samples in brainheart infusion (BHI) broth (Oxoid) incubated at 37 u C for 48 h. Subsequently, the grown cultures were inoculated on kanamycin aesculin azide agar (Merck) for 48 h. All isolates were maintained on glass beads at 270 u C in BHI broth supplemented with 15 % (v/v) glycerol. Subcultures on BHI agar (Oxoid) supplemented with 7 % sheep blood and incubated in a 5 % CO 2 atmosphere at 36 u C for 48 h were used for further experiments. Selected representative strains were deposited in the Czech Collection of Microorganisms (http://www.sci.muni.cz/ ccm) as CCM 4629 T , CCM 4631, CCM 7849, CCM 7850 and CCM 7877 (Enterococcus ureilyticus sp. nov.) and CCM 4630 T , CCM 4632, CCM 4633 and CCM 7851-CCM 7853 (Enterococcus rotai sp. nov.).
The phenotypic characteristics of the isolates were initially determined using two commercial identification kits [STREPTOtest 16 (Erba Lachema) and API 20 Strep (bioMérieux)], according to the manufacturers' instructions.
Some physiological and biochemical tests were additionally carried out according to , Facklam & Washington (1991) and to confirm the assignment of isolates to the genus Enterococcus and to supplement test results with a few key tests missing in the identification kits. Production of gas from glucose and gluconate was tested according to Sperber & Swan (1976) . All isolates produced a yellow pigment and grew in the presence of 6.5 % NaCl and between 10 and 42 u C. Group D antigen, Voges-Proskauer, and urease and pyrrolidonyl arylamidase activity were present. Catalase activity, growth at 45 u C, gas from glucose and gluconate and motility were absent in all isolates.
Both STREPTOtest 16 and API 20 Strep kits clearly distinguished urease-positive isolates from other enterococci and thus failed to identify them at the species level. In general, the urease-producing isolates were divided into two phena: phenon 1 (nine isolates), which was negative for arginine dihydrolase, b-galactosidase and acid production from lactose and starch; and phenon 2 (16 isolates), which was positive for arginine dihydrolase, b-galactosidase and acid production from lactose and starch. Subsequently, API 50 CH and API ZYM (bioMérieux) and GP2 MicroPlates (Biolog) were used to obtain more precise phenotypic information for both phena. The API 50 CH results confirmed the sugar acidification data obtained in STREPTOtest 16 and API 20 Strep kits and, moreover, supported the separation of the two phena: phenon 1 isolates acidified sorbose whereas phenon 2 isolates did not. Results from API ZYM and API 50 CH were more easily interpreted than the same tests in identification kits (e.g. phosphatase and acid production from mannitol, inulin and starch). The phenotypic characteristics of both phena are given in the species descriptions. The metabolic fingerprints of both phena obtained by GP2 MicroPlate are listed in Table S1 (available in IJSEM Online). Differences in the antibiotic resistance patterns were tested by the discdiffusion method on Mueller-Hinton agar (Oxoid) supplemented with 5 % blood. Twelve antibiotic discs that are generally used for Gram-positive cocci (NCCLS, 2003) were chosen (mg per disc): clindamycin (2), erythromycin (15), chloramphenicol (30), oxacillin (1), kotrimoxazol (25), tetracycline (30), ofloxacin (5), gentamicin (10), imipenem (10), augmentin (30), vancomycin (5) and piperacilin/tazobactan (110). NCCLS standards were strictly followed for cultivation and inhibition-zone diameter reading. The antibiotic resistance patterns were similar for all isolates, with minor differences between members of each phenon (Table S2 ). The majority of strains were resistant or intermediately resistant to the tested antibiotics.
Nucleic acid analysis techniques, especially sequencing of the 16S rRNA gene, play a major role in modern bacterial taxonomy. Genomic DNA extraction for 16S rRNA gene sequencing was performed using the MasterPure Gram Positive DNA Purification kit (Epicentre). Primers for complete sequencing were as follows: 10-30F (59-GAGTT- TGATCCTGGCTCA-39), 357R (59-CTGCTGCCTCCCG-TA-39), 530R (59-GKATTACCGCGGCKGCTG-39), 800F (59-ATTAGATACCCTGGTAG-39) and 1100F (59-GCAA-CGAGCGCAACCC-39). PCR-mediated amplification of the 16S rRNA gene and purification of the PCR products was carried out as described by Rainey et al. (1996) . Purified products were sequenced using the CEQ DTCS-Quick Start kit and performed using the CEQ 8000 Genetic Analysis System (Beckmann Coulter), as directed in the manufacturer's protocol. The resulting sequence data from strains CCM 4629 T (phenon 1) and CCM 4630 T (phenon 2) and reference sequences downloaded from GenBank were aligned using CLUSTAL W (Thompson et al., 1994) using the parameters gap-opening penalty 15 and gap-extension penalty 6.66. Evolutionary distances were calculated using the maximum-composite-likelihood method and a phylogenetic tree was constructed using the neighbour-joining method (Saitou & Nei, 1987) with MEGA5 (Tamura et al., 2011) . Bootstrap analysis based on 1000 resamplings was used to evaluate the tree topology (Felsenstein, 1985) . 16S rRNA gene sequencing showed that the representatives of phenon 1 (strain CCM 4629 T ) and phenon 2 (strain CCM 4630 T ) were members of the Enterococcus faecalis species group (Fig. 1 ). Characterization of the investigated isolates using rep-PCR fingerprinting with the (GTG) 5 -primer was performed as described by Švec et al. (2008) . This method provides species-specific fingerprint profiles enabling differentiation and identification of individual enterococcal species (Švec et al., 2005) . Numerical analysis of the (GTG) 5 -PCR fingerprints was performed using BioNumerics 6.5 (Applied Maths) and the obtained fingerprints were compared to the in-house CCM database containing multiple reference strains of all known enterococcal species. The resulting dendrogram revealed a clear separation of the isolates from the reference strains of the E. faecalis species group (Fig. S1 ). The 25 isolates formed two separate clusters that were congruent with the biochemical data, showing bands in the 200-3000 bp molecular mass range. Compared to phenon 1 isolates, phenon 2 isolates revealed more heterogeneous rep-PCR fingerprints. The rep-PCR fingerprints of the water isolates CCM 7851 and P2542 were the most dissimilar and formed a subcluster with E. caccae CCM 7399 T and E. termitis CCM 7300 T fingerprints. Although the (GTG) 5 -PCR fingerprints revealed by a single species often group into a single cluster, it is not uncommon to detect separate intraspecies subclusters using this method (Švec et al., 2005, 2008) . In spite of this, the fingerprints of all members from the phenon 2 were distinguishable from reference strains of the E. faecalis species group.
Well-isolated colonies on BHI agar supplemented with sheep blood (incubated at 36 u C for 24 h in a 5 % CO 2 atmosphere) were used as a template for ribotyping by means of the RiboPrinter Microbial Characterization System (DuPont Qualicon) in accordance with the standard protocol provided by the manufacturer. arithmetic averages (UPGMA). An optimization value of 0.5 % was automatically determined by the BioNumerics software and allowed for the densitometric curves. The importation of the ribopatterns into the BioNumerics software was achieved by using the Load samples import script obtained from Applied Maths. Ribotyping has been shown to provide rapid, accurate and reproducible genetic information for the identification of many species. Manual ribotyping was successfully used for the classification of enterococci (Kühn et al., 1995; Pryce et al., 1999; Švec et al., 2001b) but more standardized data are obtained using automated ribotyping (Brisse et al., 2002; Hartel et al., 2007; Kuntz et al., 2003) . Cluster analysis of ribotype patterns again divided the isolates into two groups (Fig. S2 ) which corresponded with the biochemically delineated phena. Phenon 1 was more heterogeneous, with fragments in range 1.52-1.55 kb and strain CCM 7849 having the most different ribotype profile. Only three isolates (P3738 and P3739 from plants and CCM 4631 from water) had identical ribotypes. A fragment of 2.3 kb was specific for all phenon 1 isolates. Phenon 2 isolates yielded fragments in a wider range (1.52-1.70 kb). Ribotypes of phenon 2 were subdivided into several related subclusters with very similar restriction profiles (.95 % similarity). The most distinct phenon 2 isolates were P2992 from a mosquito and CCM 7852 from a plant. Members of the E. faecalis species group were used as references for the ribotyping study. Their ribopatterns were clearly distinct from those of phenon 1 and phenon 2 ( Fig. S2) .
For pheS and rpoA sequencing analysis, chromosomal DNA was isolated from cultures grown overnight on BHI agar at 37 u C (Naser et al., 2005; Švec et al., 2012) . DNA was extracted by heating at 80 u C for 20 min in 500 ml sterile water and centrifuged at 14 000 r.p.m. (10 956 g) for 1 min. PCR amplification conditions and primer sequences for pheS and rpoA were as described by Naser et al. (2005) . The pheS gene amplicons were purified using the High Pure PCR product purification kit (Roche Diagnostics) and the sequencing procedure was performed by Eurofins MWG Operon (Ebersberg, Germany). Partial sequences of pheS and rpoA were compared with reference sequences representing the currently known enterococcal species obtained from GenBank (Figs S3 and S4) . The alignment analysis was carried out using a phylogenetic method for multiple alignments implemented in CLUSTAL W using the parameters gap-opening penalty 15 and gap-extension penalty 6.66 (Thompson et al., 1994) . Similarity distances were calculated with programmes implemented in MEGA5 (Tamura et al. 2011) . Gene distances were calculated from the nucleotide sequences using the maximum-compositelikelihood method and phylogenetic trees were subsequently generated by the neighbour-joining method to estimate the evolutionary distances (Saitou & Nei, 1987) . The tree topology was evaluated and confirmed by the maximum-parsimony analysis using BioNumerics v. 6.5 and by bootstrap analysis with 1000 resamplings. pheS and rpoA sequencing analysis is much more discriminatory for enterococci than 16S rRNA gene sequence analysis and provides an efficient screening approach for the detection of novel species (Naser et al., 2005) . In the present study, the multilocus sequence analysis based on partial sequences of pheS and rpoA divided all 25 isolates into two clusters that were congruent with the phenotyping, rep-PCR and ribotyping results (Figs S3 and S4) . In spite of the diversity detected by phenotyping, rep-PCR and riboprinting, phenon 1 and phenon 2 each still represented a coherent lineage within the E. faecalis species group. The sequences of pheS and rpoA confirmed that phenon 1 and phenon 2 are each genetically homogeneous and that each represents a novel enterococcal species.
The DNA G+C contents of strains CCM 4629 T and CCM 4630 T were determined. High-molecular-mass DNA isolation from bacterial cells grown on Todd-Hewitt broth (Oxoid) and degradation of the DNA into nucleosides and their separation by HPLC was done as described by Vancanneyt et al. (2004) High-quality DNA for DNA-DNA hybridization was prepared as for the determination of DNA base composition. Hybridization was performed in microdilution wells according to Vancanneyt et al. (2004) . All experiments were performed four times and the standard deviation between reciprocal reactions was about 7 %, as reported by Goris et al. (1998) . The hybridization temperature was 32 u C (calculated as described by Švec et al., 2001a) . Strain CCM 4629 T from phenon 1 and strain CCM 4630 T from phenon 2 were hybridized with each other and also with the type strains of members of the E. faecalis species group. A summary of the DNA-DNA hybridization results is presented in Table 2 . Strains CCM 4629 T and CCM 4630 T exhibited ,70 % DNA-DNA relatedness with each other and with the type strains of the E. faecalis species group with validly published names. The DNA-DNA hybridization data were congruent with the sequencing, rep-PCR and ribotyping data and confirmed the placement of each phenon into a novel enterococcal species.
SDS-PAGE of whole-cell proteins was performed according to a protocol described by Pot et al. (1994) . Cultures were grown at 37 u C for 24 h on BHI agar. The MagNA Lyser Instrument (Roche) was used for cell disruption. A Sigma Marker Wide Range (6.5-205 kDa) ladder was used to represent molecular mass markers. Analysis of digitized protein profiles was done with BioNumerics v. 6.5 using Pearson's correlation similarity coefficient. The dendrogram was constructed with the UPGMA clustering method (Fig. 2) . Analysis of whole-cell protein profiles obtained by SDS-PAGE is a suitable method giving results that correspond with those from DNA-DNA hybridization (Merquior et al., 1994; Švec & Devriese, 2009 ). Strains of phenon 1 represented a homogeneous cluster with 81 % similarity except for strain CCM 4631, where the protein profile slightly differed from the main group (73 % similarity). Strains of phenon 2 also formed a homogeneous cluster with 85 % similarity. The protein fingerprints of both groups were unique and thus clearly distinguishable from the nearest phylogenetic neighbours (Fig. 2) .
In spite of some diversity detected by phenotyping and genotyping, the combined evidence demonstrates that phenon 1 and phenon 2 each represents a distinct species of the genus Enterococcus and this was confirmed by pheS and rpoA sequencing, whole-cell protein profiling and DNA-DNA relatedness. Table 3 . With GP2 MicroPlates, utilizes N-acetyl-D-glucosamine, amygdalin, arbutin, cellobiose, D-fructose, gentiobiose, a-D-glucose, maltose, maltotriose, D-mannose, melezitose, methyl b-D-glucoside, palatinose, D-psicose, D-ribose, salicin, sucrose, trehalose, turanose, pyruvic acid methyl ester, glycerol, adenosine, 29deoxyadenosine, inosine, thymidine and uridine, but does not utilize a-cyclodextrin, b-cyclodextrin, glycogen, inulin, mannan, Tween 40, Tween 80, L-arabinose, D-arabitol, Lfucose, D-galacturonic acid, D-gluconic acid, a-lactose, lactulose, melibiose, methyl a-D-galactoside, methyl b-Dgalactoside, 3-methyl D-glucose, methyl a-D-mannoside, raffinose, L-rhamnose, sedoheptulosan, D-sorbitol, stachyose, D-tagatose, a-hydroxybutyric acid, b-hydroxybutyric acid, c-hydroxybutyric acid, p-hydroxyphenylacetic acid, aketoglutaric acid, lactamide, D-lactic acid methyl ester, Llactic acid, D-malic acid, L-malic acid, succinic acid monomethyl ester, propionic acid, succinamic acid, succinic acid, N-acetyl-L-glutamic acid, L-alaninamide, D-alanine, Lalanine, L-alanyl glycine, L-asparagine, L-glutamic acid, glycyl L-glutamic acid, L-pyroglutamic acid, L-serine, putrescine, 2,3-butanediol, D-fructose 6-phosphate, a-Dglucose 1-phosphate, D-glucose 6-phosphate or DL-aglycerol phosphate; variable results are shown in Table S1 . Resistant to chloramphenicol and oxacillin and mostly resistant to tetracycline; sensitive to imipenem. Sensitivity/ resistance to other antibiotics is strain-dependent and listed in Table S2 . Characteristics distinguishing this species from other yellow-pigmented enterococci and members of the E. faecalis species group are shown in Table 4 .
The type strain, CCM 4629 T (5LMG 26676 T 5CCUG 48799 T ), was isolated from drinking water. The DNA G+C content of the type strain is 36.3 mol%. The majority of characteristics of the type strain CCM 4629 T are in agreement with those given in the species description. The strain-dependent characteristics of the type strain are as follows: positive for naphthol-AS-BI-phosphohydrolase, acid production from dulcitol and utilization of D-galactose, D-mannitol, xylitol, b-ketoglutaric acid and pyruvic acid, but negative for alkaline phosphatase, cystine arylamidase, a-methyl glucosidase, N-acetyl-b-glucosaminidase and utilization of dextrin, N-acetyl-b-D-mannosamine, myo-inositol, methyl a-D-glucoside, D-xylose, acetic acid, adenosine 59-monophosphate, thymidine 59-monophosphate and uridine 59-monophosphate. Additional strains were isolated from drinking water and plants. for his contribution to the taxonomy of streptococci and enterococci).
Description of
The species description is based on 16 strains. Cells are Gram-positive spherical or ovoid cocci, occurring predominantly in pairs and short chains or in irregular clusters. Non-spore-forming and not motile. Colonies on BHI blood agar are circular with whole margins, convex, smooth, glistening and 1-3 mm in diameter. Yellowpigmented. Facultatively anaerobic. Weak a-haemolytic on sheep blood agar. Grows at 10 and 42 u C, but not at 45 u C. Grows with 6.5 % NaCl and at pH 9.6. Negative for gas production from glucose and gluconate. acid methyl ester, L-lactic acid, D-malic acid, succinic acid monomethyl ester, succinamic acid, succinic acid, Nacetyl-L-glutamic acid, L-alaninamide, D-alanine, L-alanine, L-alanyl glycine, L-asparagine, glycyl L-glutamic acid, Lpyroglutamic acid, L-serine, putrescine, 2,3-butanediol, Dfructose 6-phosphate, a-D-glucose 1-phosphate, D-glucose 6-phosphate or DL-a-glycerol phosphate; variable results are shown in Table S1 . Resistant to clindamycin and chloramphenicol, mostly resistant to oxacillin and ofloxacin; sensitive to imipenem and mostly sensitive to gentamicin. Sensitivity/resistance to other antibiotics is strain-dependent and listed in Table S2 . Characteristics distinguishing this species from other yellow-pigmented enterococci and members of the E. faecalis species group are shown in Table 4 .
The type strain, CCM 4630 T (5LMG 26678 T 5CCUG 61593 T ), was isolated from drinking water. The DNA G+C content of the type strain is 36.2 mol%. All characteristics of the type strain CCM 4630 T are in agreement with those given in the species description. The strain-dependent characteristics of the type strain are as follows: positive for urease, arginine dihydrolase, a-glucosidase and cystine arylamidase and utilization of dextrin, N-acetyl-b-Dmannosamine, D-galactose, myo-inositol, a-lactose, Dribose, b-ketoglutaric acid, pyruvic acid, adenosine 59monophosphate, thymidine 59-monophosphate and uridine 59-monophosphate, but negative for alkaline phosphatase, a-methyl glucosidase, trypsin, N-acetyl-bglucosaminidase, acid production from starch and tagatose and utilization of L-arabinose, D-mannitol, methyl a-Dglucoside, D-tagatose, acetic acid, L-malic acid, propionic acid and L-glutamic acid. Other strains were isolated from water, insects (mosquitoes) and plants.
